We have identified between Mex67p and Mtr2p a complex which is essential for mRNA export. This complex, either isolated from yeast or assembled in Escherichia coli, can bind in vitro to RNA through Mex67p. In vivo, Mex67p requires Mtr2p for association with the nuclear pores, which can be abolished by mutating either MEX67 or MTR2. In all cases, detachment of Mex67p from the pores into the cytoplasm correlates with a strong inhibition of mRNA export. At the nuclear pores, Nup85p represents one of the targets with which the Mex67p-Mtr2p complex interacts. Thus, Mex67p and Mtr2p constitute a novel mRNA export complex which can bind to RNA via Mex67p and which interacts with nuclear pores via Mtr2p.
Transport through nuclear pores requires concerted action between the structural components of the nuclear pore complex (NPC) and the soluble transport factors that bind to the transport substrates and shuttle between the nuclear and cytoplasmic compartments (for reviews, see references 2 and 31). Substantial progress toward an understanding of nuclear protein import has been achieved in the past few years, but very little is known about how RNA is exported from the nucleus into the cytoplasm. Among the factors required for nuclear protein import are the classical nuclear localization signalreceptor complex, consisting of importin/karyopherin ␣ and ␤, the small GTPase Ran, and several Ran-binding proteins, as well as repeat sequences containing nucleoporins (for reviews, see references 5 and 11). Recently, additional routes of import into the nucleus were discovered, suggesting that major classes of transport substrates use different import pathways. Transportin and Kap123p were identified as novel transport factors that bind directly to their transport substrates, hnRNP protein A1 and ribosomal protein L25, respectively (30, 38) . Transportin and Kap123p belong to a growing family of importin ␤-like proteins which have a Ran GTP-binding domain in their amino-terminal portions (5, 10) . Recently, Mtr10p, which is also a member of this protein family, was shown to be the importin for yeast Np13p (34, 41 ). An essential role for Ran in energydependent nuclear protein import has been firmly established, but how Ran and the many Ran activity-modulating proteins participate in the actual translocation process is still controversial.
The Ran system is also involved in transport from the nucleus (9, 14, 18, 36) . It has been firmly established that nuclear export sequences (NES), first identified in viral proteins such as human immunodeficiency virus Rev and protein kinase inhibitor, mediate the exit of proteins from the nucleus (for a review, see reference 8). For the Rev protein, which is an RNA-binding protein with a specificity for unspliced or partially spliced viral transcripts, viral mRNA is coexported through association with Rev (3). Initially, it was found that Rev NES interact with Rip (6, 47) , which resembles repeat sequence-containing nucleoporins and accordingly was suggested to be a NES receptor at the nuclear pores. Recently, however, vertebrate CRM1 and its yeast homologue, Xpo1p, which also belong to the family of importin ␤-like proteins which have a Ran GTP-binding domain, were shown to be the receptors for leucine-rich NES signals (4, 7, 32, 46) . Similarly, the export of importin ␣ from the nucleus is mediated by another exportin, CAS (23) .
The nuclear export of cellular RNA may proceed by a similar mechanism, which would mean that specific NES-containing RNA-binding proteins facilitate nuclear export of different classes of RNA. In fact, a NES called the M9 sequence (which surprisingly also acts like an NLS) was found in hnRNP A1 (27) . It was shown that M9 mediates the shuttling of hnRNP A1 between the nucleus and the cytoplasm. Accordingly, it was suggested that hnRNP A1 is involved in the nuclear export of mRNA (17) . NES signals which mediate nuclear export have also been found in other putative shuttling transport factors, such as Kap95 (16) , RanBP1 (37) , Gle1p (29) , and Mex67p (40) , and some of them are actually involved in mRNA export. Finally, Crm1p/Xpo1p not only may be involved in the nuclear export of NES-containing proteins but also could play a role in mRNA export (46) .
Due to the lack of an in vitro system for RNA export, factors directly involved in RNA transport reactions have not been firmly ascribed. Different genetic approaches have identified proteins involved in mRNA export in the yeast Saccharomyces cerevisiae. Both through a genetic screen for mutants defective in poly(A) ϩ RNA export (1, 20) and by synthetic lethal screens for nucleoporin mutants, many factors involved in poly(A) ϩ RNA export have been found (2) . However, it is yet not clear whether these proteins have a direct role in mRNA export or are pleiotropically linked to the mRNA export machinery. Among the many components, Nup159p (12) , Mtr2p (19) , Gle1p (29) , and Mex67p (40) could play a direct role in the mRNA export process because conditionally lethal mutants exhibit a rapid and strong onset of the mRNA export defect. Furthermore, Npl3p, a yeast hnRNP protein which shuttles between the nucleus and the cytoplasm, has also been implicated in mRNA export (24) .
We recently reported that the nuclear pore-associated pro-tein Mex67p is required for nuclear mRNA export in yeast (40) . We have now found that Mex67p forms a complex with Mtr2p. The Mex67p-Mtr2p complex, either isolated from yeast or reconstituted in vitro, binds directly to RNA via the Mex67p subunit. Thus, Mex67p and Mtr2p constitute an mRNA export complex which interacts with RNA and gains physical contact with the nuclear pores.
MATERIALS AND METHODS
Strains, plasmids, and microbiological techniques. The yeast strains used in this work are listed in Table 1 . Growth and transformation of yeast and Escherichia coli and yeast genetic procedures were as described earlier (40) . The MTR2 gene was cloned as a 1.6-kb SalI/HindIII fragment into centromeric plasmids pRS316-URA3 and pRS315-LEU2 and high-copy-number 2m plasmid YEP13-LEU2 (15) and as an SnabI/HindIII fragment into pBluescript (cut with SmaI/HindIII). The MEX67 gene was cloned as a 3.5-kb SacI fragment into centromeric plasmid pHT4467-ADE3-URA3 (40) and 2m plasmid pRS424-URA3. The MEX67-GFP gene contained in a 4.2-kb SacI fragment was blunt ended and subcloned into centromeric vector pASZ11-ADE2 cut with SmaI. The dihydrofolate reductase (DHFR) open reading frame (ORF) contained in a 0.54-kb NdeI/BamHI fragment was subcloned into the P NOP1 -ProtA-TEV cassette (13a). Other plasmids used in this study were pHT4467-ADE3-URA3-mex67-5 and pRS314-mex67-5 (40) .
Isolation of MTR2 as a high-copy-number suppressor and in a synthetic lethal screen with thermosensitive mex67-5. A yeast genomic library in 2m plasmid YEP13-LEU2 (15) was used to transform a thermosensitive mex67-5 mutant. Transformants were incubated for 8 h at 30°C before plates were shifted to 35°C. In total, about 25,000 transformants were screened. After 2 days, 78 suppressor colonies were picked from the 35°C plates and restreaked on SDC-leu plates at 37°C. Colonies which could also grow at 37°C were analyzed for growth on 5-fluoro-orotic acid (FOA)-containing plates at 30°C. Only colonies not able to grow on FOA may contain an extragenic suppressor of thermosensitive mex67-5. From such suppressor colonies, YEP13 plasmids were recovered. After retransformation into the mex67-5 strain to confirm the complementation at 37°C, the inserts were partly sequenced from both ends. The complementing activity within the genomic inserts was restricted to a single gene by subcloning. For the synthetic lethal screen, a sector-forming strain, RWϩmex67-5, was generated (Table 1) . UV mutagenesis and isolation of synthetically lethal mutants, including all the tests for specificity, were carried out as recently described (40, 48) . For recovery of the mtr2-190 allele, a 2.2-kb SalI/XbaI fragment containing the MTR2 gene was inserted into pRS315. This plasmid was digested with SnabI/BamHI to release the entire MTR2 ORF plus 162 bp upstream of the ATG codon and 147 bp downstream of the stop codon. The isolated linearized plasmid, which contained 5Ј (210 bp) and 3Ј (221 bp) noncoding sequences of MTR2, was used to transform the sl190 mutant. From the obtained Leu ϩ transformants, total DNA was prepared, and gap-repaired plasmid pRS315-mtr2-190 was recovered upon transformation of E. coli. mtr2-190 and MTR2 were sequenced.
Construction of MTR2 fusion genes and an MTR2 gene disruption. Two immunoglobulin G (IgG)-binding domains or the GFP gene (21, 42) was used for the tagging of Mtr2p as previously described (45) . To do so, a new BglII restriction site was introduced before the stop codon (in boldface) of MTR2 (AGATCT TAGTGGGAAGATTCC), and a BamHI fragment encoding the protein A (ProtA), ProtA-tobacco edge virus protein site (TEV), or green fluorescent protein (GFP) tag was inserted into this restriction site (40) . MTR2-ProtA, MTR2-TEV-ProtA, or MTR2-GFP was then cloned into vector pRS315-LEU2. MTR2 was also tagged with GFP at its amino-terminal end by subcloning of the 0.5-kb XhoI/HindIII fragment containing the MTR2 ORF into the P NOP1 -GFP cassette (13a) to yield plasmid pRS315-P NOP1 -GFP-MTR2. Mtr2p-GFP but not GFP-Mtr2p in combination with the thermosensitive mex67-5 allele gave synthetic lethality at 30°C (data not shown). The thermosensitive mtr2-26, mtr2-9, and mtr2-21 alleles were also tagged with GFP by subcloning of the corresponding 0.5-kb XhoI/HindIII fragments into the P NOP1 -GFP cassette.
For disruption of the MTR2 gene, pBluescript-MTR2 was cut with PstI, which removes an internal 298-bp fragment from the MTR2 gene. The HIS3 gene, isolated as a blunt-ended BamHI fragment, was then inserted into this plasmid, also blunt ended. pBluescript-mtr2::HIS3 was cut with SalI/NotI to release mtr2::HIS3, which was used to transform the diploid strain RS453. Heterozygous His ϩ transformants were analyzed for correct integration at the MTR2 locus by PCR-Southern analysis and tetrad analysis. A 2:2 segregation for viability was found, confirming earlier data indicating that MTR2 is an essential gene (19) .
Isolation of thermosensitive mtr2 mutant alleles. A collection of thermosensitive mutant alleles of MTR2 was generated as described previously (28) . Primers 5ЈGCAGCCGGTTGGGTGG3Ј and 5ЈGGTGCGAAGCCCTAC3Ј were used to amplify the MTR2 gene by PCR under suboptimal conditions (6.5 mM MgCl 2 , 0.5 mM MnCl 2 , dGTP, dCTP, and dTTP [1 mM each]; dATP [0.2 mM]; 1 g of template DNA; 5 U of Taq polymerase). Vector pRS315-MTR2 was digested with SnaBI/BamHI to release the MTR2 ORF, leaving 210 nucleotides 5Ј upstream and 221 bp 3Ј downstream of the MTR2 ORF which were homologous to both ends of the PCR product. Five micrograms of linearized vector and 10 g of PCR product were used to transform strain MTR2 shuffle. A total of 5,000 transformants were replated on FOA plates and incubated at 30°C for 4 days. The killing rate on FOA was 25%. Surviving Ura Ϫ colonies were tested at 30 and 37°C for a thermosensitive phenotype. A total of 10 thermosensitive alleles were isolated. Plasmids containing thermosensitive mtr2 mutant alleles were recovered from yeast strains as described previously (40) .
Expression and localization of GFP-Mtr2p, Mex67p-GFP, GFP-Mtr2-9p, and GFP-mtr2-21p. The in vivo locations of Mtr2p, Mex67p, and mutant Mtr2-9p and Mtr2-21p proteins were analyzed with strains expressing the corresponding GFP fusion proteins plus the ADE2 gene (plasmid pASZ11-ADE2) as described previously (40) . The cells were examined in the fluorescein channel of a Zeiss Axioskop fluorescence microscope. Pictures were taken with a Xillix Microimager charge-coupled device camera. In some cases, digital pictures were further processed by digital confocal imaging by use of the software Openlab (Improvision, Coventry, United Kingdom).
Affinity purification of Mtr2p-TEV-ProtA. Affinity purification of Mtr2p-TEVProtA by IgG-Sepharose chromatography was done as described earlier (45) with modifications and elution from the IgG-Sepharose column with recombinant TEV protease (Life Technologies, Berlin, Germany; Catalog no. 10127-017) as described previously (41) . A whole-cell extract was prepared from 4.5 g of yeast spheroplasts, lysed in 20 mM HEPES (pH 7.4)-100 mM potassium acetate-2 mM magnesium acetate-0.5% Tween 20 (lysis buffer), loaded onto a column containing 300 l of IgG-Sepharose beads (Pharmacia, Freiburg, Germany), equilibrated with lysis buffer, washed with 15 ml of lysis buffer, and incubated at 16°C for 1 h with 50 U of TEV protease in 300 l of cleavage buffer (20 mM HEPES [pH 7.4], 100 mM potassium acetate, 1 mM dithiothreitol [DTT], 0.1% Tween 20, 0.5 mM EDTA). Elution was performed by transferring the whole mixture onto a spin column. The eluate (25 l) was analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and then by Western blotting. The purification of ProtA-TEV-DHFR was performed in parallel under identical conditions and with the same amount of cells.
Expression and purification of Mex67p and Mtr2p from E. coli. The MTR2 ORF was cloned into vector pET8c-His 6 (39, 43) . A recombinant six-histidine (His 6 )-tagged protein, His 6 -Mtr2p, was overexpressed in E. coli BL21 cells and purified with Ni-nitrilotriacetic acid (NTA)-agarose as previously described (44) . Recombinant Mtr2p was purified through a MonoQ column and injected into rabbits. From the immune serum, antibodies were affinity purified by use of nitrocellulose strips containing recombinant Mtr2p antigen (15) . The construction of pET8c-His 6 -MEX67 was described earlier (40) . Recombinant Mex67p without the His 6 tag was overexpressed in E. coli by inserting the entire MEX67 ORF into pET9d (Novagen, Madison, Wis.). For coexpression in E. coli, plasmids pET8c-His 6 -MTR2 and pET9d-MEX67 (full length) were cotransformed into BL21 cells. Protein complexes were purified in a manner similar to that of single proteins (44) .
The entire MTR2 ORF was also cloned into plasmid pPROEX1 (Life Technologies), which contains the Trc promoter, ribosome-binding sites, His 6 sequences, and the recombinant TEV protease cleavage site. pPROEX1-MTR2 was cotransformed with pET9d-MEX67 into BL21 cells. Expression and purification of the His 6 -TEV-Mtr2p-Mex67p complex by Ni-NTA affinity chromatography were done as described above. However, the complex was eluted by incubation of the Ni-NTA-agarose beads with recombinant TEV protease as recommended in the manufacturer's instructions. The eluted Mtr2p-Mex67p complex was further purified by fast protein liquid chromatography (FPLC) on a MonoS column.
In vitro binding to homopolymeric RNA. For the in vitro RNA-binding assay, E. coli extracts containing Mex67p or His 6 -tagged Mtr2p were incubated with the homoribopolymers poly(A), poly(U), poly(G), and poly(C) bound to agarose beads (Sigma, Munich, Germany). Ten microliters of E. coli lysate was diluted in 150 l of 100 mM NaCl or 500 mM NaCl-2.5 mM MgCl 2 -10 mM Tris-HCl (pH 7.5)-0.8% Triton X-100 before 20 l of the homoribopolymer-bead mixture was added. The mixture was rotated on a wheel for 60 min at 4°C. The beads were recovered by centrifugation and washed three times with 0.5 ml of buffer before bound proteins were eluted by boiling in 20 l of SDS sample buffer.
RNA band shift and UV-cross-linking assays. RNA probes were produced as follows. KS-RNA (a 77-mer) was produced by T7 polymerase runoff transcription of the polylinker area of the HindIII-linearized pBluescript KS vector in the presence of [␣-
32 P]CTP. For the production of homopolymers, a DNA 40-mer [poly(dA) or poly(dG)] was inserted between the NotI and SacI sites in the polylinker of pBluescript KS. A vector containing poly(dC) between the same sites was a gift from D. Ostareck (European Molecular Biology Laboratory). The vectors were linearized with NotI and transcribed with T3 polymerase in the presence of the corresponding ␣-32 P-labeled nucleoside triphosphate. The resulting RNA 62-mers (each containing a stretch of 40 identical nucleotides) were purified by gel electrophoresis. For the band shift assay, purified recombinant Mex67p-Mtr2p complex or Mtr2p alone (0.5 to 1 g) was incubated for 30 min at 30°C with 3 ng of 32 P-labeled KS-RNA (40,000 cpm/ng) or 1 ng of 32 P-labeled poly(A)-, poly(G)-, or poly(C)-containing RNA (100,000 cpm/ng) in 20 l of 20 mM HEPES (pH 7.5)-7.5 mM MgCl 2 -150 mM NaCl-0.05 mg of bovine serum albumin per ml-10% glycerol-0.2 U of RNasin (Promega) per ml; RNA-protein complexes were detected by electrophoresis on 5% nondenaturing polyacrylamide-0.5ϫ Tris-borate-EDTA gels (120 V, 2.5 h) and then autoradiography. In vitro-transcribed tRNA Met , used for the competition experiment, was produced as previously described (43) . For the same experiment, a synthetic poly(dA) 40-mer was used as single-stranded DNA. This was hybridized to a poly(dT) 40-mer in order to obtain double-stranded DNA. To analyze RNA binding by UV cross-linking, the Mex67p-Mtr2p complex isolated from yeast via MTR2-ProtA and bound to IgG-Sepharose beads was mixed with in vitro-transcribed 32 P-labeled KS-RNA or homopolymeric RNA for 20 min at 30°C and UV irradiated for 10 min on ice in a UV Stratalinker 1800 (Stratagene); 10 U of RNase T 1 , 15 g of RNase A, and 10 U of RNase I were added, and the RNA was digested for 30 min at 37°C before the addition of SDS sample buffer (with or without DTT and boiling), SDS-PAGE, and autoradiography.
Immunoelectron microscopy. The preparation of cells for preembedding immunogold labeling is described in detail elsewhere (2a) . Briefly, Mex67p-ProtA and MTR2p-ProtA cells grown to an optical density at 600 nm of 0.51 in glucose-containing medium were prefixed with 2% paraformaldehyde before the cell wall was removed with 5 U of Zymolyase 20T (Seikagaku Corporation, Tokyo, Japan) per ml. To allow access of the antibody to both sides of the nuclear envelope, cells were extracted with 0.05% Triton X-100 and incubated with a polyclonal anti-ProtA antibody (Sigma, St. Louis, Mo.) conjugated to 8-nm colloidal gold particles (33) . Next, samples were fixed with 2% glutaraldehyde, postfixed with 1% OsO 4 , dehydrated, and embedded in Epon 812. For controls, strains expressing cytosolic mouse DHFR tagged with ProtA (ProtA-DHFR) and Pus1p, a nuclear protein involved in tRNA biogenesis, tagged with ProtA (ProtA-Pus1p) (43) were used.
For quantitation, postembedding gold labeling was performed. The Triton X-100 extraction step was omitted, cells were embedded in LR White resin (Polyscience Ltd., Northampton, United Kingdom), and sections were immunolabeled with the polyclonal anti-ProtA antibody followed by gold-conjugated goat anti-rabbit IgG (Aurion, Wageningen, Netherlands). Quantitation was performed by a stereological counting method (25) .
Miscellaneous methods. DNA recombinant work (restriction analysis, end filling, ligation, PCR amplification, and DNA sequencing) was performed as described previously (26) . SDS-PAGE and Western blotting were done as described by Siniossoglou et al. (45) . mRNA in situ hybridization was performed as described by Segref et al. (40) . Affinity purification of the Mtr2p-ProtA fusion protein by IgG-Sepharose chromatography was performed as described previously (45) .
Cycloheximide (final concentration, 10 g/ml) was added to exponentially growing yeast cells 10 min before the shift to 37°C. After 10 min of exposure to the restrictive temperature, cells were resuspended in 1 ml of minimal medium containing 10 g of cycloheximide per ml and incubated at 26°C for 10, 20, and 45 min.
RESULTS
Identification of MTR2 as a high-copy-number suppressor and in a synthetic lethal screen with thermosensitive mex67-5. The thermosensitive mex67-5 mutant stops cell growth and accumulates poly(A) ϩ RNA inside the nucleus shortly after a shift to the restrictive temperature (40) . Concomitantly, the mutant Mex67-5p protein dissociates from nuclear pores and mislocalizes to the cytoplasm. To search for Mex67p-interacting proteins involved in NPC association, we screened for high-copy-number suppressors of the thermosensitive mex67-5 allele. Two suppressors, MTR2 and CDC5, were found (Fig.  1A) . MTR2 was recently isolated in another genetic screen for poly(A) ϩ RNA export mutants (19) . CDC5 encodes a mitotic kinase frequently found in suppressor screens (22) . MTR2 also suppressed the thermosensitive mex67-5 allele when inserted into a low-copy-number plasmid (Fig. 1B) . Similar extents of overexpression of Mtr2p were observed with both low-and high-copy-number MTR2-containing plasmids (Fig. 1C) .
In addition, a synthetic lethal screen was performed with the thermosensitive mex67-5 allele. One of the synthetically lethal mutants obtained, sl190, was complemented by MTR2 (data not shown). The mtr2-190 allele carries a single nucleotide exchange giving rise to a leucine (position 140)3 proline mutation within Mtr2p. This mutation does not cause any growth defect by itself but causes lethality when combined with mex67-5. Thus, using two different genetic approaches, we identified MTR2 as a component genetically interacting with MEX67.
Mtr2p forms a complex with Mex67p. The strong genetic interaction between MTR2 and MEX67 suggested that both encoded proteins physically associate. To facilitate biochemical purification, Mtr2p was tagged at its carboxy-terminal end with two IgG-binding domains derived from Staphylococcus aureus ProtA. The Mtr2p-ProtA fusion protein was functional, since it complemented the otherwise nonviable mtr2::HIS3 null mutant (data not shown). From this complemented strain, Mtr2p-ProtA was affinity purified under nondenaturing conditions by IgG-Sepharose chromatography ( Fig. 2A) . A prominent band which migrated at 70 kDa copurified with Mtr2p-ProtA and was identified as Mex67p by Western blotting (Fig.  2A, anti-Mex67p ) and mass spectrometry (data not shown). Less prominent bands are currently under investigation. Mtr2p and Mex67p thus physically associate in living cells.
Mtr2p is a nuclear pore-associated protein which binds nuclear pores independently of Mex67p. As shown above, Mtr2p forms a complex with Mex67p. We therefore analyzed whether Mtr2p is also a nuclear pore-associated protein under steady-state conditions. The location of Mtr2p was analyzed by fluorescence light microscopy with a GFP-tagged version of Mtr2p which can complement an mtr2 mutant strain. Like Mex67p-GFP, GFP-Mtr2p exhibited a punctate nuclear envelope location in living cells, with signals in the nucleoplasm and cytoplasm as well (Fig. 2B) . In addition, GFP-Mtr2p clustered together with the NPC in nup133 mutant cells, arguing that Mtr2p is physically associated with nuclear pores (data not shown).
Next, we analyzed whether the NPC location of tagged Mtr2p is altered in thermosensitive mex67-5 cells. Mutant Mex67-5p-GFP dissociates from nuclear pores at 37°C and is located in dot-like structures throughout the cytoplasm (40) . When the location of GFP-Mtr2p was tested in the thermosensitive mex67-5 mutant shifted to the restrictive temperature, GFP-Mtr2p still was associated with the nuclear envelope (Fig.  2B ). This result shows that upon dissociation of mutant Mex67-5p into the cytoplasm at the nonpermissive temperature. Mtr2p remains bound to the NPC. Thus, Mtr2p can localize to the NPC independently of Mex67p.
Since mutant Mex67-5p and GFP-Mtr2p are found, respectively, in the cytoplasm and at the nuclear pores at the nonpermissive temperature, Mex67p and Mtr2p may separate under these conditions. To show this idea biochemically, Mtr2p-ProtA was purified from either mex67-5 mutant or wild-type strains (Fig. 2C) . Mutant Mex67-5p no longer copurified with Mtr2p-ProtA, demonstrating that the physical interaction between Mtr2p and mutant Mex67-5p was impaired. This lack of interaction was not due to increased proteolytic instability of the mutant protein, since in whole-cell extracts both wild-type Mex67p and mutant Mex67-5p were present in comparable amounts (Fig. 2C, lanes 1 and 4) . mtr2 mutant alleles affect the association of Mtr2p with Mex67p and nuclear pores. The lack of association of Mex67-5p with Mtr2p, taken together with the mislocalization of Mex67-5p to the cytoplasm, could suggest that Mtr2p is involved in the binding of Mex67p to the nuclear pores. To verify this idea with mtr2 mutants as well, a collection of thermosensitive mtr2 alleles was generated by mutagenic PCR and analyzed for their phenotypic defects ( Table 2 ). All mtr2 mutants obtained exhibited inhibition of nuclear mRNA export at the restrictive temperature, as shown for the mtr2-26 mutant, which started to accumulate poly(A) ϩ inside the nucleus after a 7-min shift to 37°C (Fig. 3A) . Concomitantly, GFP-tagged wild-type Mex67p, when expressed in all of the mtr2 mutant strains, dissociated from the nuclear envelope and accumulated in numerous cytoplasmic foci (Fig. 3) . These data show that intact Mex67p can no longer associate with the nuclear pores and mislocalizes to the cytoplasm when Mtr2p is mutated. Furthermore, the extent of cytoplasmic mislocalization of Mex67p correlates with the (Table 1) were grown at 26°C before a shift to 36°C for 0, 10, and 16 min. The corresponding GFP-tagged proteins were localized in the cells by fluorescence microscopy. inhibition of mRNA export. Interestingly, during the early onset of Mex67p release from the nuclear envelope, the intranuclear pool of Mex67p-GFP became more evident in a number of cells (Fig. 3, arrows) . The cytoplasmic mislocalization of Mex67p-GFP was reversible, because Mex67p-GFP was retargeted to the nuclear envelope when thermosensitive mtr2 cells were brought back from the restrictive to the permissive temperature (data not shown). Thus, cytoplasmic foci containing Mex67p-GFP do not represent irreversible aggregates.
To address the location of mutant Mtr2p in living cells, several of the corresponding thermosensitive alleles were tagged with GFP. Except for Mtr2-26p, all the other mutant Mtr2p-GFP fusion proteins were functional, could complement the mtr2 null strain at permissive temperatures, and exhibited a thermosensitive phenotype at 37°C. Two different phenotypes were observed in this collection of thermosensitive mtr2 mutants (Fig. 3B and Table 2 ). In one class, represented by mtr2-9, both mutant Mtr2-9p and Mex67p mislocalized to cytoplasmic foci at the restrictive temperature ( Fig. 3B and Table 2 ). However, biochemical analysis showed that Mtr2-9p-ProtA did not copurify with Mex67p (data not shown). Therefore, it remains to be determined whether Mtr2-9p still forms with Mex67p in vivo a complex which mislocalizes to the cytoplasm but is unstable during biochemical purification or whether Mtr2-9p and Mex67p dissociate from both the nuclear pores and each other.
In the second class of mutants, represented by mtr2-21, an intranuclear location of mutant Mtr2-21p was more prominent than a nuclear envelope location at both the permissive and the restrictive temperatures (Fig. 3B) . After a shift to the restrictive temperature, mutant Mtr2-21p did not mislocalize to cytoplasmic foci, whereas Mex67p-GFP no longer attached to the pores and accumulated in cytoplasmic foci (Fig. 3B and Table 2 ). This result suggests that the interaction between Mex67p and Mtr2-21p was impaired, so that Mex67p dissociated into the cytoplasm but Mtr2-21p remained restricted to the nuclear compartment. Biochemical purification of Mtr2-21p-ProtA also showed a lack of association between Mex67p and Mtr2-21p (data not shown). In agreement with the in vivo location data, we observed that the overexpression of Mex67p was not sufficient to restore the growth defect of mtr2-9 cells at the restrictive temperature but efficiently complemented the thermosensitive phenotype of mtr2-21 cells (Fig. 4A and Table  2 ).
Mtr2p interacts with Nup85p both genetically and physically. Nup85, a member of the Nup84p nucleoporin complex, is involved in NPC organization and RNA export and is functionally linked to MEX67 (40, 45) . We therefore analyzed whether the different thermosensitive mtr2 alleles are synthetically lethal in combination with the nup85⌬ allele. Strikingly, mtr2 alleles which caused the cytoplasmic mislocalization of mutant Mtr2p (e.g., mtr2-9) were synthetically lethal in combination with nup85⌬ (Fig. 4B) . On the contrary, mutant alleles which did not cause the cytoplasmic mislocation of mutant Mtr2p (e.g., mtr2-21) were not synthetically lethal in combination with nup85⌬ (Fig. 4B) . Consistent with these findings was the fact that the thermosensitive phenotype of mtr2-9 cells but not of mtr2-21 cells was partially complemented at 33°C by the overexpression of NUP85 (Fig. 4C and Table 2 ).
The interaction between MTR2 and NUP85 was tested biochemically. Mtr2p-TEV-ProtA was affinity purified from yeast spheroplasts (see Materials and Methods), and the Mtr2p eluate (which was obtained by proteolytic TEV cleavage) was analyzed by Western blotting with anti-Nup85p antibodies (Fig. 4D) . Although not associated stoichiometrically, Nup85p was detected in the Mtr2p eluate, as revealed by immunoblot analysis, whereas an unrelated protein, such as Arc1p (43), was completely absent. We also tested for the presence of Nup84p and Seh1p in the Mtr2p eluate; only Seh1p was detected, although in small amounts (38a) . To test the specificity of the Mtr2p-Nup85p interaction, we affinity purified ProtA-TEV-DHFR and released DHFR from IgG-Sepharose beads by using TEV protease under identical conditions. No Nup85p could be detected (Fig. 4D) .
ProtA-tagged Mex67p and Mtr2p can be found on both sides of the NPC. To determine the location of Mex67p and Mtr2p on an ultrastructural level, we performed preembedding immunoelectron microscopy, a procedure that yields structurally well-preserved yeast NPCs and that has recently been used to localize yeast nucleoporins (2a) . We found a significant and statistically relevant number of gold particles at the nuclear pores in cells expressing Mtr2p-ProtA or Mex67p-ProtA ( Fig.  5C and D) ; however, colloidal gold was also seen in the nucleus and cytoplasm. The NPC labeling observed with Mtr2p-ProtA and Mex67p-ProtA was specific, since the gold-conjugated anti-ProtA antibody used did not give NPC labeling when control strains expressing either cytosolic ProtA-DHFR or nuclear ProtA-Pus1p were tested. In this case, the immunolabeling was, as expected, mainly in the nucleus for ProtA-Pus1p and in the cytoplasm for ProtA-DHFR (Fig. 5A and B) .
Visual inspection of representative electron microscopy photographs revealed a distribution of Mtr2p-ProtA and Mex67p-ProtA on both sides of the NPCs. To determine this distribution more precisely, we performed quantitative analysis of the distribution of gold particles associated with the NPCs in cross-sectioned nuclear envelopes. As shown in Fig. 5E and F, although the NPCs were labeled overall for both Mtr2p-ProtA and Mex67p-ProtA, there was a preference for labeling on the cytoplasmic side of the NPCs (i.e., positive values). This finding could have been due to the fact that with the preembedding labeling technique, the antibody first reaches the cytoplasmic epitope, where it is bound, before it can diffuse to the nuclear epitope. However, quantitation of postembedding labeling at the NPCs also revealed preferential labeling on the cytoplasmic side of the NPCs (see below and Table 3 ).
Since through preembedding labeling some cytoplasmic epitopes could be lost (for this technique, yeast cells are treated with Triton X-100 to facilitate labeling on both the cytoplasmic and the nuclear sides of the NPC; see Materials and Methods), gold particle distribution was quantified by immunolabeling of LR White-embedded yeast cells (postembedding labeling). This quantitation revealed an equal distribution of the gold particles in the NPC, the cytoplasm, and the nucleus for Mex67p-ProtA (Table 3) . This result is different from the GFP labeling data, which showed an apparent accumulation of Mex67p-GFP at the nuclear envelope. However, the values given in Table 3 cannot be compared directly with the GFP labeling data because the electron microscopy data are from the quantitation of gold particles in cell sections, while the intensity of GFP fluorescence is derived from whole cells. For cell expressing Mtr2p-ProtA, there were fewer gold particles in the nucleus than in the NPC or the cytoplasm. Neither ProtA-DHFR nor ProtA-Pus1p, which was used as a control, was found at the NPC but was located predominantly at the cytoplasm or the nucleus, respectively ( Table 3) .
The Mex67p-Mtr2p complex binds to RNA in vitro through the Mex67p subunit. We previously reported that Mex67p can be UV cross-linked to poly(A) ϩ RNA in vivo (40) . We therefore wanted to test whether the newly identified complex, Mex67p-Mtr2p, can bind to RNA in vitro and to analyze if one or both components of the complex are responsible for binding to RNA.
To obtain a recombinant Mex67p-Mtr2p complex for in vitro RNA-binding studies, Mtr2p was His 6 tagged, and the proteolytic TEV cleavage site was inserted between the tag and Mtr2p (Fig. 6A, left panel) . His 6 -TEV-Mtr2p was coexpressed with untagged Mex67p and affinity purified from an E. coli lysate by Ni-NTA-agarose chromatography. After TEV cleavage, large amounts of a recombinant Mtr2p-Mex67p complex could be eluted from the Ni-NTA-agarose column (Fig. 6A , TEV-Eluate). Thus, Mtr2p and Mex67p can assemble into a heterodimeric complex upon coexpression in E. coli, without any requirement for other yeast factors. As a control, His 6 -Mtr10p (an unrelated recombinant protein) was coexpressed with Mex67p in E. coli and purified, but Mex67p did not coenrich (data not shown).
The recombinant Mtr2p-Mex67p complex was further purified, since the TEV eluate exhibited RNase activity, most likely due to contaminating E. coli RNase. Therefore, the TEV eluate was applied to an FPLC MonoS column, and proteins which bound to the resin were eluted with a salt gradient (Fig.  6B ). At about 150 mM salt (i.e., fraction 24), free Mtr2p eluted from the column, whereas the Mtr2p-Mex67p complex eluted at about 700 mM salt (i.e., fraction 39) (Fig. 6B) .
The binding of Mex67p and Mtr2p to RNA was first analyzed by a gel retardation (band shift) assay. The Mex67p-Mtr2p complex and Mtr2p purified by FPLC were incubated with various in vitro-transcribed, 32 P-labeled RNAs (for a description of the RNAs, see Materials and Methods), and the protein-RNA complexes formed were analyzed by a gel retardation assay (Fig. 7A) . Mtr2p alone did not detectably bind to RNA, while the Mex67p-Mtr2p complex produced a strong band shift with all RNAs tested [shown for poly(A) in Fig. 7A ; data not shown for poly(G) and poly(C)]. When affinity-purified anti-Mex67p antibodies were included in the binding reaction, the protein-RNA complex was supershifted, confirming that Mex67p was present in the protein-RNA complex (Fig.  7A) .
To test the specificity of the interaction between Mex67p and RNA, the binding of Mex67p to heteropolymeric 32 Plabeled KS-RNA (derived from transcription of the pBluescript KS polylinker) was inhibited with an excess of unlabeled KS-RNA, yeast tRNA Met , and single-or double-stranded DNA oligonucleotides of similar lengths (Fig. 7B) . When a 10-fold excess of unlabeled KS-RNA was added to the reaction, we observed the formation of faster-migrating complexes as well as unshifted free probe (Fig. 7B, lane 3) . This result suggests that the amount of total RNA present in this reaction was large enough to saturate binding to the Mex67p-Mtr2p complex and that the faster-migrating bands represented spe-cific RNA-protein complexes. The intensity of these complexes was further decreased as larger amounts of unlabeled probe were included in the reaction (20-or 50-fold; Fig. 7B, lanes 4  and 5) . The same complexes were also observed when an excess of unlabeled yeast tRNA Met was added together with 32 P-labeled KS-RNA. However, the formation of these complexes was inhibited less in the presence of 50-fold tRNA than in the presence of 50-fold KS-RNA (Fig. 7B , compare lanes 5 and 9). Therefore, tRNA inhibited readily the formation of the slower-migrating complex, but the faster-migrating complexes F) are also shown. The distances of gold particles relative to the twofold symmetry axis of the NPC (axis parallel to the nuclear envelope passing through the center of the NPC, with positive distances representing the cytoplasmic side of the NPC) and the eightfold symmetry axis of the NPC (axis perpendicular to the nuclear envelope and passing through the center of the NPC) were determined in cross sections. Cross-sectioned nuclear envelopes from two experiments which yielded 38 cells and 65 gold particles associated with the NPC for Mex67p and 32 cells and 55 gold particles associated with the NPC for Mtr2p were analyzed. The arrows indicate gold particles in the cytoplasm and the nucleus, whereas the arrowheads indicate gold particles associated with NPCs. Cytoplasmic (c) and nuclear (n) sides of the nuclear envelope are indicated. Scale bars, 100 nm.
were more resistant to tRNA, suggesting a more specific association with KS-RNA. Finally, when single-or double-stranded DNA oligonucleotides of similar lengths were added to the binding reaction, we did not observe a significant decrease in the intensity of the band shifts but observed instead a small increase in the mobility (Fig. 7B, lanes 10 to 17) . We conclude from these experiments that Mex67p has an affinity for RNA but not for single-or double-stranded DNA. Furthermore, Mex67p exhibits a preference for binding to homopolymeric or heteropolymeric KS-RNA rather than tRNA.
When His 6 -tagged Mex67p was isolated from E. coli in the absence of Mtr2p, it had the tendency to aggregate after elution from the Ni-NTA-agarose column and dialysis (data not shown). Therefore, we could not test by band shift assays whether Mex67p alone can bind to RNA. However, His 6 -Mex67 remained soluble in the E. coli lysate. When this soluble lysate was incubated with agarose beads carrying covalently attached RNA homopolymers, Mex67p bound to poly(A) and poly(G) and, to a lesser extent, to poly(U) and poly(C) (data not shown). The binding of Mex67p to poly(A) and poly(U) was still observed at 500 mM NaCl. When the same in vitro binding assay was performed with recombinant Mtr2p, no significant association with the four homopolymeric RNAs was observed (data not shown). Thus, Mex67p has the capability to bind to homopolymeric RNAs in the absence of Mtr2p.
The property of the native Mex67p-Mtr2p complex isolated from yeast to associate with RNA was verified by UV crosslinking. When the Mex67p-Mtr2p-ProtA complex immobilized on IgG-Sepharose beads was incubated with radiolabeled poly(A) ϩ RNA and UV irradiated, Mex67p could be efficiently cross-linked to RNA (Fig. 7C ). Mtr2p was cross-linked to RNA only very inefficiently. To make sure that the observed radio- active signals were due to the formation of covalent bonds between proteins and RNA, the beads were boiled in the presence of DTT. Although this treatment led to massive dissociation of IgG chains from the IgG-Sepharose beads, the same cross-linked products could be observed, showing that nonspecific cross-linking to, e.g., IgG did not take place (data not shown). Similar results were obtained when other RNAs (poly(C), poly(G), or KS-RNA) or when the recombinant Mex67p-Mtr2p complex was used in the UV-cross-linking assay (data not shown).
In summary, using three different methods (band shift, UVcross-linking, and binding to immobilized ribohomopolymers), we found that the Mex67p-Mtr2p complex binds to RNA via the Mex67p subunit.
DISCUSSION
We have identified a complex which is essential for mRNA export and which consists of at least two components, Mex67p and Mtr2p. Mex67p can directly bind to RNA in vitro, and Mtr2p is required for the association of Mex67p with the nuclear pores. Furthermore, a genetic and physical interaction of Mtr2p with Nup85p was found, suggesting that Nup85p or the Nup85p complex is (one of) the target(s) at the NPC to which Mtr2p and Mex67p bind. Previously, we have found that a putative RNA-binding protein called Mip6p interacts with Mex67p on the basis of two-hybrid data; however, we could not further confirm this possible interaction, since no genetic and biochemical interactions between Mex67p and Mip6p have yet been found (39a).
The fact that Mex67p and Mtr2p physically interact explains their strong genetic interaction and their common involvement in mRNA export. Whether Mex67p and Mtr2p are in permanent contact or whether they reversibly associate and dissociate remains to be shown. The observed locations of Mex67p and Mtr2p on both sides of the NPC suggest that the complex plays a role during translocation through the pore channel and release of the mRNA transport substrate from the pores into the cytoplasm.
Recently, Xpo1p (Crm1p) was found to be involved in both nuclear protein and mRNA export and was suggested to be the receptor for leucine-rich NES signals (46). We did not find a significant intranuclear accumulation of Mex67p-GFP in xpo1-1 mutant cells at the restrictive temperature (38a). Certain hnRNP proteins which shuttle between the nuclear and cytoplasmic compartments also have been implicated to mediate the nuclear export of cellular mRNA (24, 27, 35) . Therefore, hnRNP proteins such as Npl3p could functionally overlap the Mex67p-Mtr2p complex, e.g., by acting upstream in the splicing, assembly, and initial transport of the hnRNPs, whereas Mex67p-Mtr2p functions downstream in nuclear mRNA export, requiring transport-competent mRNPs.
An interaction among Mex67p, Mtr2p, and the nuclear pores appears to be essential for mRNA export. If Mex67p is mutated in such a way that it no longer can bind to Mtr2p, nuclear mRNA export and cell growth are inhibited. Concom- itantly, Mex67p mislocalizes to the cytoplasm, but Mtr2p stays at the pores or inside the nucleus. On the contrary, when the binding of Mtr2p to the nuclear pores is impaired (e.g., when mtr2 mutant alleles are synthetically lethal with nup85⌬), both Mex67p and Mtr2p mislocalize to the cytoplasm and mRNA export is blocked. These defective interactions among Mtr2p, Mex67p, and Nup85p can be rescued by the overproduction of the appropriate partner protein; e.g., an impaired interaction between Mex67p and Mtr2p can be complemented by the overexpression of either Mex67p or Mtr2p. Alternatively, MTR2 mutations which affect the interaction with Nup85p can be (partly) rescued by NUP85. It is not clear why the overexpression of NUP85 can partly rescue the thermosensitive mtr2 phenotype, but one possibility is that more binding sites for Mtr2p are provided by overproduced Nup85p.
It is interesting that the mislocalization of either Mex67p alone or Mex67p and Mtr2p always occurs into numerous foci scattered throughout the cytoplasm when cells containing certain mutant alleles of either mex67 or mtr2 are incubated at the restrictive temperature. These foci may represent dynamic structures during mRNA transport. If so, Mex67p-Mtr2p could play a role not only in mRNA export from the nucleus but also in cytoplasmic transport of mRNPs to sites of mRNA consumption.
Although Mex67p does not exhibit motifs indicative of an RNA-binding protein (e.g., the RNP motif, the RGG box, or the KH motif [2] ), it was found to bind to RNA in several independent in vitro assays. Mex67p thus contains a novel RNA-binding domain. In vitro, Mex67p binds efficiently to homo-and heteropolymeric RNAs but not to single-or double-stranded DNA. From our in vitro binding experiments, we cannot conclude whether Mex67p has a specific affinity for a particular class of RNA. However, the fact that Mex67p can be UV cross-linked in vivo to poly(A) ϩ RNA and its requirement for mRNA nuclear export (40) suggest that the binding of Mex67p to RNA in vitro probably reflects the ability of Mex67p to associate in vivo directly with mRNA. Whether the binding of Mex67p to mRNA exhibits sequence specificity or is controlled in a cooperative way by Mtr2p and/or additional factors such as hnRNP proteins will be addressed in the future. It will be also interesting to determine which domain of Mex67p binds to RNA and how RNA binding is made reversible in living cells.
We have reported an evolutionary conservation between Mex67p and putative higher eukaryotic counterparts (40) . A human homologue of Mex67p called Tap was found in a twohybrid screen with herpesvirus saimiri Tip (tyrosine kinaseinteracting protein) as bait (49) . Interestingly, on human chromosome X at least two further Tap homologues which lack part or all of the conserved carboxy-terminal domain were found (15a). These findings give rise to the speculation that several members of the human Tap family are involved in different aspects of mRNA transport (e.g., regulated mRNA export, tissue-specific mRNA transport, or transport of different mRNAs). Recently, the Tap protein was found to bind to viral CTE RNA and was shown to be the mediator of CTEdependent RNA export (13) . Furthermore, microinjected recombinant Tap overcomes mRNA export inhibition caused by the presence of saturating amounts of CTE RNA. It is thus likely that Tap and Tap-related proteins are involved not only in CTE-dependent viral RNA export but also in mRNA export in higher eukaryotic cells, with a function similar to that of yeast Mex67p. Whether an Mtr2p homologue exists in higher eukarytoic cells is not yet known.
In summary, Mex67p and Mtr2p, which form a complex and have the capability to associate with both mRNA and the nuclear pores, are essential constituents of the mRNA export machinery in yeast. Further biochemical and genetic analyses should reveal how Mex67p in conjunction with Mtr2p interacts with RNA, other RNA-binding proteins, transport factors of the importin/Ran machinery, and NPC components during mRNA export from the nucleus to the cytoplasm.
